genesis and protein synthesis are highly expressed in earlier stages of development, whereas those involved in brain functions are elevated in later development or in the adult (12) . The gene expression patterns correlate strongly with the physiological state of each stage. Whether this global change in gene expression is a common event has yet to be determined.
The cerebellar cortex and the dentate gyrus have several common features. Both tissues consist mainly of granule cells. Development proceeds similarly (1, 2, 15) ; cerebellar granule cells transplanted into the dentate gyrus differentiate into dentate gyrus-type cells, suggesting that they share a similar repertoire of expressed genes (18) . Finally, neuroD, a basic helix-loophelix (bHLH) transcription factor, is essential for differentiation of both types of granule cells (13) . To assess whether the molecular mechanisms of development are truly similar in the two tissues, we compared the gene expression profiles during postnatal development in the cerebellum and dentate gyrus. Physiologically, the cerebellum controls posture and movement, whereas the hippocampus is critical in the formation of declarative memory. This underlying functional difference may be reflected in their respective mechanisms of development. We measured the expression levels of 1,937 genes during the postnatal development of the dentate gyrus by adaptor-tagged competitive PCR (ATAC-PCR) (8, 11) . The resulting expression profile was compared with that obtained from cerebellar tissue undergoing the same postnatal developmental stages (12) . Contrary to expectation, the gene expression profile of the dentate gyrus was quite different from that of the cerebellum and is poorly correlated with function. a collection of 3Ј-end sequences from cDNA libraries made from several developmental stages of mouse cerebellum (10) hippocampus, and other brain regions (Matoba et al., unpublished observations) . Genes were selected in order of abundance, with priority given to known genes. More than 2,500 genes were selected, and gene-specific primers were designed.
The experimental procedures and data processing of ATAC-PCR were essentially the same as those used for previous experiments with mouse cerebellum (11, 12) . RNA preparations from each sample were converted into cDNA, digested by a restriction enzyme, and then ligated to an adaptor. We routinely used multiple adaptors, each having a common sequence in the "outer" region that lies next to an "inner" spacer of variable size. After mixing the ligated samples together, PCR amplification was performed using an adaptor primer and a gene-specific primer. The products were separated by polyacrylamide gel electrophoresis. Products from different samples can be discriminated by the size of their inner spacer region. The abundance of each fragment reflects the amount of original template, and relative expression levels in each sample can be deduced from their signal intensities.
Usually, six different cDNA samples attached to different adaptors were used, three of which were assigned to different amounts of control cDNA samples. For the dentate gyrus experiment, cDNA derived from the adult cerebrum was used as the control; 10, 3, and 1 portions of cDNA with different adaptors were included in each PCR reaction. Similar to the cerebellar samples, one portion each of three out of six dentate gyrus samples was included in the reaction. PCR amplification was performed with a carboxyfluorescein (FAM)-labeled adaptor primer, corresponding to the common adaptor region, and a gene-specific primer. Products were separated by polyacrylamide gel electrophoresis. For each PCR reaction, a calibration curve was made using three control samples. Thus accurate quantitation of the three dentate gyrus samples can be achieved. Sequences of oligonucleotides used for adaptors and primers are described previously (12) .
Statistical analysis. Cluster analysis was performed using ClustanGraphics4, developed by Wishart (20) . The data matrix was at first standardized to z-score, and cluster analysis was performed using Ward's method (20) . Several clustering methods were evaluated using data from postnatal cerebellar development (12) and breast cancer (6) . In both cases, Ward's method was found to give the most reasonable classifications correlating with gene functions or clinical parameters.
Statistical tests to select functional categories enriched in specific clusters or groups were based on the binomial distri- Fig. 1 . Cluster analysis of 1,937 genes using their expression patterns. The 1,937 genes are vertically aligned: the data matrix is standardized to z-score, i.e., converted to zero mean and unit variance, and schematically represented. Each row represents the expression pattern of each gene, and columns represent the following time points: 2 days after birth (column 1), 4 days (column 2), 8 days (column 3), 12 days (column 4), 3 wk (column 5), and 6 wk (column 6). Expression levels are indicated by color, with the scale shown at the bottom right. dark red, yellow, and dark green represent high, middle, and low expression levels, respectively. Five clusters, A1-A5, are characterized by elevated expression at the early stages (from day 2 to 8) and subsequent decline; six clusters, B1-B6, are characterized by low expression at early stages followed by elevated expression at later stages (from day 12 to week 6); one cluster, C1, is characterized by another complicated pattern.
bution. The probability that x out of n genes of a functional category, belonging to a specific group or cluster, is given by the following equation
Here, p ϭ (number of genes belonging to a functional category)/(total gene number). The cutoff points were set arbitrarily at 0.05, and using this equation, we selected functional categories, enriched in a specific cluster(s) or group. The expression data in Figs. 1 and 3 , and a list of the functional categories and corresponding gene names can be downloaded from our web site (http://love2.aistnara.ac.jp).
RESULTS
Anatomy of the developing dentate gyrus. The development of the dentate gyrus has been analyzed in detail in both rat (1) and mouse (15) . Granule cells proliferate somewhat during the prenatal period, but more than 80% of the cell mass develops during the postnatal period, mainly in the tertiary germinal matrix of the hilus in the dentate gyrus. The tertiary germinal matrix is a rump of immature cells, not a layered structure such as the external germinal layer of the cerebellar cortex. Proliferation is most active in the first postnatal week (ϳ81% of the cells are actively proliferating for 1-4 days) (15) and decreases thereafter. The differentiated cells migrate to the granule cell layer. At 17-20 days, ϳ11% still have mitotic activity. At the third week, the dentate gyrus is morphologically fully mature. In contrast to the cerebellar cortex, where no cell proliferation remains in the adult, mitotic cells still remain in the subgranular zone of the dentate gyrus in the young adult, a neurodevelopmental phenomenon seen only in dentate granule cells and interneurons of the olfactory bulb (3).
The temporal pattern of cell proliferation is similar in the dentate gyrus and cerebellum of mice. In both tissues, mitotic activity peaks in the first week, and development appears morphologically complete in the third week (15) . In our previous study on mouse cerebellar cortex, we chose 2, 4, 8, and 12 days and 3 and 6 wk as relevant time points for evaluation (12) . Here, with the dentate gyrus, we chose the same time points for gene expression analysis. Although the developmental timing is not exactly the same for both tissues, general trends, such as the predominance of proliferation at early stages and active neural function at later points, appear to be conserved.
Gene expression profiling of postnatal developing dentate gyrus. Relative levels of gene expression against the control (mouse adult cerebrum) were assayed at six time points by ATAC-PCR. A total of 1,937 genes were assayed, and the data were subjected to cluster analysis after z-score standardization. A schematic representation of the results is shown in Fig. 1 . The clustering was truncated at the 12-cluster level. Most genes belonged either to group A, characterized by elevated expression at earlier stages of development, or to group B, characterized by elevated expression at later stages of development. Less than 10% of the genes exhibited a pattern characterized by elevated expression at 2 and 12 days (group C). The results clearly demonstrate organized changes in gene expression during the developmental process.
To correlate gene expression patterns with their respective gene functions, the distribution of keywords representing functional categories was examined (12) . Keywords exhibiting localization to a particular cluster or group were identified. Statistical analysis of the twelve clusters revealed that only "proteasome" was localized significantly to clusters A1 and A2. Expression patterns of 12 cluster levels of each tissue are not adequate for comparison, because expression patterns of the same cluster number from cerebellum and dentate gyrus were not necessarily the same. We therefore compared the expressionfunction correlation of the two tissues at the threegroup level. In Fig. 2 , functional categories statisti- cally enriched in any one of the groups are shown for the cerebellar and dentate gyrus experiments. "Ribosomal protein" is less represented in the group B in both tissues, suggesting the protein synthesis is not active at later stages of development. For the most part, however, these two tissues exhibited clearly contrasting enrichment patterns: nine functional categories were enriched in group B of the cerebellum, whereas none was enriched in the corresponding group from the dentate gyrus. Functional categories enriched in cerebellar group B were those related to neural functions such as receptors, neurotransmitters, and synaptic components, suggesting neuronal differentiation of the cerebellar granule cells had occurred. In contrast, the results of Fig. 2 suggest that no such organized changes occur in the dentate gyrus, suggesting differentiation of dentate gyrus granule cells is more modest than that of cerebellar cells.
Identification of genes with expression patterns common to both tissues. We then tried to identify genes whose expression patterns were similar in the cerebellar cortex and the dentate gyrus and examined their characteristics. A total of 1,412 genes were expressed both in the cerebellum and the dentate gyrus. As variables, all data points from both the cerebellar cortex and the dentate gyrus were used. Each set of data points, either from the cerebellum or the dentate gyrus, was standardized to z-score. Figure 3 shows the results of cluster analysis. To assess the similarity in expression patterns between the two tissues, the following squared distance (d) was used
where n is 6, the number of time points; i represents the time points themselves, which are 2, 4, 8, and 12 days and 3 and 6 wk; x icb is the gene expression level in the cerebellum at the i time point; and x idg is the gene expression level in the dentate gyrus at the i time point.
In Fig. 3 Several regions were identified with a small d value; the region spanning from gene 1050 to 1135 (indexed as found in the Supplemental Material) is of particular interest. This largest group is characterized as having elevated expression through the later stages of the development. No functional characteristics were associated with genes in this region.
Expression patterns of individual genes. Genes belonging to several functional categories were examined in detail. Figure 4 shows only expression patterns of genes appearing in both experiments. The order of genes was determined by the results shown in Fig. 3 .
"Ribosomal protein" genes exhibit characteristic expression profiles in both tissues. In the cerebellum, more than one-half of the genes peak at 4 days after birth, indicating a time of maximal protein synthesis. On the contrary, more than one-half of the genes from the dentate gyrus have their peak at either 2 or 12 days. This may suggest that dentate gyrus development may have two peaks in protein synthesis.
In cerebellum, 8 of 11 "cancer-related" genes are more active in earlier stages of development. In contrast, there is no such tendency in the dentate gyrus. This result suggests that the proliferative character of cerebellar cells, but not dentate gyrus cells, diminishes over the course of development. This may reflect the persistence of dentate gyrus cell proliferation in adulthood.
Although the proteasome genes are statistically enriched in group A of the dentate gyrus, their expression patterns are varied. In contrast, expression patterns in the cerebellum are clearly divided into two groups: those expressed highest in earlier stages and those expressed highest at 3 wk.
The functional categories "receptor" and "synaptic component" are the most conspicuous indicators of neural maturation. Most of the genes belonging to these clusters show elevated expression in later stages or adult in the cerebellum. In the dentate gyrus, eight genes show similar patterns, but nine genes are expressed highest at 4 days. This peak at 4 days implies some neuronal activity at this stage. Individual neurotransmitter receptors and ion channels usually are differentially expressed members of closely related gene families, whose members have distinct physiological properties. For example, detailed analysis of the electrophysiological properties of the GABA A receptor revealed marked differences between those expressed in the immature and mature dentate gyrus (7, 9) . Those activated at 4 days may be related to specific characteristics of signal transduction at this stage.
The functional categories "adhesion molecule" and "extracellular matrix protein" comprise a group of genes exhibiting elevated expression at later stages of the development (Fig. 4) . They are featured by transient high expression at 3 wk in the cerebellum and at 12 days or 3 wk in the dentate gyrus, indicating specific roles at these stages. In contrast, the expression pattern of the reeler gene, which is known to be involved in the development of layered structures, is not consistent. In the cerebellum, reeler exhibits elevated expression during middle stages, where cell migration is most active (Fig. 4 ; also, see Ref. 16 ). On the contrary, its expression in the dentate gyrus is most elevated in the adult. In general, expression of genes in the dentate gyrus does not appear to correlate well with their expected functions.
bHLH transcription factors are likely to be involved in cell fate determination of various neurons (14) . Among them, neuroD is a gene responsible for terminal differentiation of cerebellar and dentate gyrus granule cells (13) . bHLH activities have been confirmed by gene targeting experiments. In a neuroD knockout strain, both types of granule cells are depleted in adulthood. neuroD is expressed both in mitotic and postmitotic dentate and cerebellar granule cells (13) . Dentate granule cells are affected earlier (embryonic day 18) than cerebellar granule cells (postnatal day 6) (13). This observation may be related to the expression pattern of neuroD: its expression reaches a peak in the dentate gyrus earlier than in the cerebellum (12).
DISCUSSION
As described previously, the cerebellar cortex and the dentate gyrus show similar postnatal development. In both tissues, more than 80% of all genes exhibit changes in gene expression during development, demonstrating considerable changes in mRNA repertoires. However, detailed examination of the functional categories of genes revealed marked differences. In the cerebellar cortex, granule cells at earlier developmental stages are involved in cell proliferation, whereas those in the adult have neuronal functions. During development, granule cells show changes in functional characteristics. In the dentate gyrus, the repertoire of expressed genes also changed at each developmental stage. However, few cell functions could be correlated with gene expression. Among cerebellar and hippocampal neuronal cell types, only the dentate granule cells maintain mitotic activity in adulthood (3), although 1 Supplementary Material to this article (original data sets for Figs. 1 and 3) is available online at http://physiolgenomics.physiology.org/cgi/content/full/8/2/131/DC1. these proliferating cells decrease to about one-eighth of the maximum number during development. This discrepancy in gene expression profiles might be due to this mitotic activity; the dentate granule cell might partially retain the characteristics of an immature cell, and the transition to cellular function may not be clear.
The other possibility is that changes in phenotype may be due to changes in protein levels, either quantitative or qualitative (e.g., modification), and changes in gene expression are irrelevant or secondary in the dentate gyrus. In the experiment on mouse cerebellar development, the levels of half of the proteins did not agree with those of mRNA (11) . In the dentate gyrus, changes in protein levels may be more critical than in gene expression.
The present findings on the cerebellum and the dentate gyrus demonstrate that the development of layered brain structures do not necessarily possess common features in their gene expression profiles. The principle of gene expression-function correlation established in the cerebellum cannot be generalized to other parts of the brain. Unlike experiments with the same tissue or cell line, comparison of gene expression profiles appear to have limitations due to many unknown factors. However, the present findings further elucidate mechanisms of brain development and will be helpful for designing further experiments.
